For intelligent and connected vehicles, analyzing driving scenarios to estimate security situation is the primary premise to ensure vehicles safety，especially in car-following scenario. In this paper, an approach for car-following security situation estimation is proposed based on multi-source information fusion, which uses fuzzy inference system as the estimation framework. By analyzing the driver's diversified driving behaviors in longitudinal direction and dynamic inter-vehicle motion characteristics, the desired acceleration, HWT and TTC -1 are selected to evaluate the security situation under the current running state. In order to make the security situation evaluation results more accurate and rational, a car-following scenario database is built by PreScan software, and a data-driven analysis method and MOS are employed to determine the membership function of each variable. Finally, through simulation experiment, the RMSE of the approach, proposed in this paper, is 0.0813, compared with MOS, and the security situation evaluation approach is verified.
Introduction
ICV technology, as the core of technological reform in the current automotive industry, has been one of the main fields of industry research [1] . For decades, ICV technologies have been commercially available to improve ride comfort and lighten the burden of driver, such as ACC, FCW, etc. But these technologies' key point, analyzing driving scenarios to estimate security situation, exists some deficiencies will result in the lack of accuracy, especially the car-following scenario.
At present, the most of available security situation estimation methods calculate the selected evaluating parameters in real-time and compare them with default thresholds of different levels to get the current security situation, and the widely used evaluating parameters are TTC, HWT and DTC [2] [3] [4] . On the above basis, the road friction and the driving speed are introduced to describe the entire driving scenario's security situation evolution process [5] [6] . However, these evaluating parameters are too simplified, only considering the vehicle's working characteristics (such as relative distance, vehicle speed, etc.) and ignoring the impact of the driver's diversified driving behaviors, and more intelligent security situation estimation is required to support the development of ICV technology. Therefore, a security situation estimation method that could reflect the changes in driver's diversified driving behaviors and inter-vehicle dynamic motion characteristics is needed.
In this paper a method for car-following security situation estimation based on multi-source information fusion is proposed, as shown in Figure 1 , including the security situation evaluation online based on fuzzy inference and the membership function determination offline based on data-driven analysis, which could provide a new basis for seasonable collision avoidance and meticulous energy management. The following sections are organized as: the architecture of the security situation evaluation based on the fuzzy logic is introduced in Section 2. In Section 3, a car-following scenario database is established, and the membership function of each variable is determined by data-driven analysis and MOS method. In Section 4, a simulation experiment is designed for verifying the accuracy and rationality of the proposed method. Finally, the paper is concluded in Section 5. 
Security Situation Evaluation Based on Fuzzy Inference
The security situation evaluation online process based on fuzzy inference is designed to effectively integrate multi-mode driving information from driver's diversified driving behaviors and inter-vehicle dynamic motion characteristics to evaluate the security situation, including 3 layers. The security situation output layer is output the security situation quantified value from the fuzzy information fusion layer, the signal input and preprocessing layer and fuzzy information fusion layer are particularly introduced as the following.
Signal Input and Preprocessing Layer
The signal input and preprocessing layer is to acquire and preprocess driving behaviors and motion characteristics from physical sensors that are installed around or inside vehicle, as illustrated in Figure 2 . The driver's diversified driving behaviors in the longitudinal direction is embodied in the handling of accelerator/brake pedal to get a desired acceleration (DA), that is, the DA can be used to describe the driver's driving behaviors. So accelerator pedal position sensor and brake pedal pressure sensor are needed to monitor automatically the throttle signal and the brake pedal pressure signal. And the calculating progress of DA is the following: Supposing the road is windless and horizontal. When driver accelerating, the external forces, acting on the vehicle, include the tractive force, the rolling resistance, the acceleration resistance and the air resistance. The accelerating desired acceleration (DA a ) can be inferred by
Where δ is the correction coefficient of vehicle rotating mass, m is the vehicle's mass; T t is the engine torque, which is a function of throttle and engine speed and could be reckoned by interpolation in the engine torque map; i g and i 0 are the transmission gear ratio and the final drive ratio, respectively; η T is the efficiency of power train system; R t is the radius of tires; g is the gravitational acceleration; f is the rolling resistance coefficient; C D is the air resistance coefficient; A is the windward area; u a is the vehicle speed, which is directly proportional to engine speed. In the same way, the accelerator pedal lies in original position, the throttle is equal to 0% when driver brakes, and the external forces include the tractive force, the rolling resistance, the brake resistance and the air resistance. The braking desired acceleration (DA b ) is:
Where T t_0 is the engine torque when the throttle is 0%; Q is the proportionality coefficient between the brake
resistance and the brake pedal pressure; B p is the brake pedal pressure. From Equation (1) and (2), DA can be regarded as a function of throttle/brake-pedal-pressure and vehicle velocity. Combining with the vehicle type in this paper and its specific parameters, DA can be obtained from the relational graph between DA, throttle/brake-pedalpressure and vehicle velocity ( Figure 3 ). The evaluating parameters widely used to embody inter-vehicle dynamic motion characteristics are HWT and TTC, which are defined as
Where ∆d is the relative distance, v is the host vehicle velocity, v r is the relative velocity. But from Equation (3), the HWT can't account for the security situation variation when the relative velocity of the two vehicles is changed, and the TTC ignores influence from the velocity variation and is limited because when the velocity of the two vehicles is similar, it will tend towards infinitude. To overcome the above limits, HWT and TTC -1 are combined to characterize the intervehicle dynamic motion. And the TTC -1 can reflect the "looming" effect in car-following process, and the HWT can represent the convergence trend of steady-state car-following process [7] .
Fuzzy Information Fusion Layer
The fuzzy information fusion layer is the fuzzy inference layer, which uses fuzzy logic to fuse the evaluating parameters from the signal input and preprocessing layer to estimate the security situation on-line. The fuzzy information fusion layer consists of fuzzification, fuzzy rule base and defuzzification.
Mathematically, the fuzzification process assumes that the membership degrees of elements in set Z is between 0 and 1 and is expressed by f. In the fuzzification process, each signal can be thought of as having S (S≥2) fuzzy sets. For example, the HWT is divided into 3 fuzzy sets, small, middle and big, to represent the entire signal attribute in this paper. In terms of the DA, 5 fuzzy sets are set to show the driver's impact on the security situation, and are heavy acceleration, smooth acceleration, constant speed, smooth deceleration and heavy deceleration, respectively. The levels of each input variable are shown in Table 1 .
Table 1 Levels of each input variable
After transforming the received signals into linguistic variables, the fuzzy rule base is applied to information fusion for security situation evaluation. The security situation is divided into the following 3 levels, which are steady following (SF), potential dangerous (PD) and greatly dangerous (GD), respectively. The fuzzy rules base adopts "AND" logic, and its general form is Where R= {R 1 , R 2 ,…, R n } is a rule base consisting of n rules, x={x 1 , x 2 ,…, x r } is the input signals, and r =4 in this paper, y is the output variable, that is the quantified value of security situation, A ir is the antecedents linguistic term corresponding to input signals x r in rule R i , C i is the consequence linguistic term in rule R i . Finally, the COG method is employed in defuzzification process to generate a security situation quantified value between 1 and 3, the calculation method is
Where f S (x) is security situation membership function. 
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Membership Function Determination Based on Data-driven Analysis
The accuracy and rationality of fuzzy inference system are affected by the membership function to a great extent [8] . Because expert experience is used in most of traditional methods, which makes the results are disturbed by human factors, a data-driven analysis method is employed to replace the expert experience. The methods based on clustering are considered as data-driven methods, which cluster firstly based on the internal correlation and similarity, then approximate the membership function according to the cluster result [8] .
Car-following Scenario Database
Due to the lack of clear security situation definition and the complexity of driving scenarios, quantifying the security situation is a challenging task. It is necessary to build a car-following scenario database for security situation estimation through simulation experiments. PreScan is a simulation platform which could link to 3rd party HIL simulators or hardware for data acquisition and test automation [9] . PreScan, MATLAB and driving simulator are combined to establish the car-following scenario database, as illustrated in Figure 4 . 
Figure 4 Scheme of data acquisition
In order to simplify the simulation experiment, the experiment scheme ignores the road shape, buildings, etc. In addition, the experiment driving cycle is from the project of China Automotive Test Cycles (CATC), as shown in Figure 5 . 8 drivers with 1~5 years driving experience are employed to record the experimental data. Taking it into consideration that the driving data is quite huge, so K-means clustering algorithm and MOS method are used to label the security situation. Firstly, the sample data is divided into N sets, and the nearest sample data to clustering center is labeled to represent the whole set. Since the data in each set are similar, it is not necessary to label each sample data separately. As to N, a larger N can approximate the security situation more accurately, because its internal differences are lower. But the observers could not quantify the MOS with a large N in a short time, on the contrary, when the N is too low, the quantization accuracy is declined because of the huge internal difference, N=70 is an appropriate value [10] .
Then, according to the experience of observers, the security situation quantified values are obtained. In this paper, 27 observation results are enrolled, and the observation is set as: 1 score for steady car-following scenario; 2 scores for potential dangers scenario that requires the driver to drive carefully; and 3 scores for greatly dangers scenario that requires the driver to focus on driving or slow down at any time.
Finally, the mean value of security situation score is calculated based on the observers driving experience. And the scores given by experienced observers are paid more attention. The average security situation score calculation method is as follows: 
Where S ki is the score of observer i in group k; w i is the driving experience weight of observer i, and expressed as: w i =0.5, when the experience is more than 3 years; w i =0.3, when the experience is 2~3 years; w i =0.2, when the experience is 1~2 years. And the result of Kmeans clustering and the quantized value though MOS are shown in Figure 6 and Table 2 , respectively. 
Approximating Membership Function
When constructing the fuzzy inference system of security situation evaluation, the membership function determination is the first problem to be solved. Taking DA(t) as an example, the progress of fuzzy clustering and the determination of its membership function is that: Firstly, the similarity relations is established by the Euclidean distance method [11] . And the similarity coefficient between DA i and DA j is:
Where α is a constant to ensure R(DA i , DA j )∈[0,1],
Where DA max is the maximum desired acceleration. After calculating the similarity relation, a N dimensional similarity matrix R S =(r ij =R(DA i , DA j )) is obtained.
Then, according to Washall algorithm [11] , the fuzzy equivalent matrix R e is obtained:
The fuzzy equivalent matrix Finally, the λ-cut matrix R e,λ of equivalent matrix R e is obtained through the threshold value λ (λ∈[0,1]), and the sample is classified according to the λ-cut matrix. If R e,λ (DA i , DA j )=1, then DA i and DA j belong to the same class. And λ is determined by the classification amount.
Supposing that DA(t) is divided into K classes in the fuzzy clustering process, is C 1 ,C 2 ,…,C K , respectively, and there are N h elements in fuzzy set C h (1≤h≤K). After clustering, the triangle membership function is employed to approximate the membership function. 
Then the membership function of C h is:
When approximating the first fuzzy set C 1 , it is generally believed when the input variable is absolutely small, the input variable absolutely belongs to the fuzzy set C 1 . In the same way, the last fuzzy set C K is required the similar analysis. Thus, the membership functions of C 1 and C K need to be adjusted again:
Simulation and Discussion
Though the above car-following scenario database, the fuzzy sets membership functions of each variable are approximated, as illustrated in Figure 7 . Figure 7 , there is extremely obvious irregularity and asymmetry in the membership function because the membership function obtained by the data-driven method is only affected by the data in the fuzzy set, and is less disturbed by human factors, which can ensure the membership function of each variable are more authentic and effective. Some rules in the fuzzy inference system are detailed in Table 3 , and the comparison by using the proposed approach and MOS tests is illustrated in Figure 8 , where the results are close and similar, and the RMSE of the fuzzy system is equal to 0.0508, which meets our expectations. For further verifying the validity and accuracy, the security situation evaluation method is applied to a carfollowing simulation experiment and the result is shown in Figure 9 , where the (a), (b) and (c) are DA, HWT and TTC -1 , respectively, and (d) is the evaluation result comparison of the method and MOS. From Figure 9 , it can be found easily, the security situation evaluation method proposed in this paper embodies fully the driver's diversified driving behaviors and inter-vehicle dynamic motion characteristics, such as the period of 1400s~1600s, HWT and TTC -1 tend to be stable, but resulting from the great fluctuation of DA, the security situation varies accordingly. Through the comparison of the method and MOS, the security situation evaluation result, obtained from the approach in this paper, is consistent with the MOS, which can be seen clearly from the Figure 9 (e)，the period of 780s~940s. And the RMSE of the entire car-following progress is equal to 0.0813, the validity and accuracy of can be verified. 
Conclusions
In view the driver's diversified driving behaviors and inter-vehicle dynamic motion characteristics have a certain impact on driving security situation, a method for car-following security situation estimation based on multi-source information fusion is proposed in this paper, which uses fuzzy inference system as the fusion framework. Combining PreScan, Matlab and the driving simulator, a car-following scenario database is built. And based on the car-following scenario database, the membership functions of each variable are determined by combining a data-driven analysis method and MOS. Finally, though the security situation estimation method is applied to a simulation experiment, its validity and accuracy are fully verified, where the RMSE of the entire progress is 0.0813, compared with MOS.
